Purpose This study seeks to evaluate the association between follicular fluid (FF) coenzyme Q10 (CoQ10) levels, embryo morphokinetics, and pregnancy rate. Methods Sixty infertile patients who underwent intracytoplasmic sperm injection (ICSI) cycles were included in the study. For each patient, CoQ10 level of the follicular fluid was measured by high-performance liquid chromatography system. After the ICSI of each oocyte, the relationship between the level of CoQ10 content of each follicular fluid, the subsequent embryo quality, and embryo morphokinetics was investigated. The relationship between the level of CoQ10 content of each follicle and optimal time-lapse parameters for the embryos of these follicles including t5, s2, and cc2 was also analyzed. The embryos were further classified into four categories, namely, grades A, B, C, and D, according to morphokinetic parameters using t5-t2 and t5-t3 (cc3). Each follicular fluid analysis was performed for a single oocyte of a single embryo which was transferred to the patients. Additionally, follicular fluid CoQ10 levels and pregnancy rates were evaluated. Results Follicular fluid CoQ10 levels were significantly higher in grades A and B than grades C and D embryos (p < 0.05). The concentration of CoQ10 levels was significantly higher in the pregnant group (p < 0.05). There was no significant correlation between optimal t5 and s2 morphokinetic parameters and CoQ10 levels. However, CoQ10 levels were significantly higher in follicular fluid of embryos which had optimal cc2 (p < 0.05). Conclusion High follicular fluid CoQ10 level is associated with optimal embryo morphokinetic parameters and higher pregnancy rates.
Introduction
Oocyte quality remains the most important issue during in vitro fertilization (IVF) cycles. The main factors affecting the oocyte quality are the age of the women and the status of ovarian reserve. The unfortunately age-related decline in oocyte quality is a major difficulty in the treatment of older patients. The main reason for this decline was related to an accumulation of point mutations and deletions of mitochondrial deoxyribonucleic acid (DNA) [1, 2] . Oocyte maturation is a complex process including nuclear and cytoplasmic components and it needs an accurate meiotic spindle. Mitochondria is the key regulator of energy production via oxidative phosphorylation which is extremely important in oocyte maturation process. Any problem during oxidative phosphorylation might affect both the quality and DNA content of the oocytes. Thus, the state of energy production and mitochondrial membrane potential of oocytes were found to be related to the implantation potential in previous reports [3] [4] [5] .
Oxidative phosphorylation involves the action of the mitochondrial respiratory chain which consists of four complexes that are located in the inner mitochondrial membrane.
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Complexes I and II oxidize products of the tricarboxylic acid and transfer the electrons to coenzyme Q10 (CoQ). The CoQ10 transfers the electrons to complex III (cytochrome reductase); the electrons are then transferred to complex IV which reduces O 2 to produce H 2 O. These steps result in adenosine triphosphate (ATP) production by complex V [6, 7] . Therefore, CoQ10 has a critical role in cell growth and energy metabolism. One of the most important factors during oogenesis and oocyte maturation is energy consumption. Thus, CoQ10 was reported to improve development, hatching, cell proliferation, and ATP content of in vitro-produced bovine embryos [8] .
Coenzyme Q10 is a widely used antioxidant supplement in several clinical conditions such diabetes, cancer, and cardiovascular diseases [9] . Also, it was shown that CoQ10 improves sperm motility, semen quality, and pregnancy rate [10, 11] . Recently, Bentov et al. reported that the use of coenzyme Q10 supplementation resulted in reduced aneuploidy and increased pregnancy rates. However, the study was terminated before reaching the target population and the results were not statistically significant [12] . Gat et al. reported that additional treatment with CoQ10 increased the antral follicle count and ovarian response in patients with decreased ovarian reserve. However, there was no significant difference in clinical outcomes [13] . Although CoQ10 is widely preferred as a supplement in infertile patients, there is still a lack of evidence about the exact beneficial effects of CoQ10 on embryo quality and the pregnancy rates in humans.
The microenvironment of the oocyte is an important factor for the oocyte quality. Oocyte completes its maturation process in the follicular fluid (FF), thus, the biochemical characteristics of the FF might play a critical role in oocyte and subsequent embryo quality [14] . There is a bidirectional connection, including nutrient, oxygen, and many growth factors between oocyte and cumulus cells. The follicular content of these factors was related to the oocyte quality and pregnancy rates in previous reports [15] .
Therefore, the principal goal of this study was to assess the relationship between follicular fluid CoQ10 levels, the subsequent embryo quality, and pregnancy rates. The relationship between follicular fluid CoQ10 levels and embryo morphokinetics was also evaluated.
Materials and methods

Patients
One hundred one patients with unexplained infertility who were admitted to the IVF center of Izmir University Medical Park Hospital were enrolled to this prospective study and 60 of them were included to the analysis. The allocation process is defined in detail in the BPatient and follicular fluid sample selection process^section further below. The study was approved by the Ethics Committee and Institutional Review Board of the Izmir University. Informed consent was taken from all of the patients. The study group consisted of patients with unexplained infertility. The exclusion criteria were patient's age >41, male factor, polycystic ovary syndrome, diminished ovarian reserve, endometriosis, the presence of hydrosalpinx and any endocrinological disease, patients who refused single embryo transfer and cases with no available good quality embryo for transfer with sampled follicular fluid.
Also, the serum levels of follicle stimulating hormone (FSH), estradiol (E2), and antimullerian hormone (AMH) were measured. And patients with FSH > 1 mIU/mL, LH > 15 mIU/mL, and AMH < 1 ng/mL were excluded.
Ovarian stimulation and intracytoplasmic sperm injection (ICSI)
All patients underwent the antagonist protocol for ovarian stimulation. Daily recombinant gonadotropin (125-300 IU, Gonal-F, Merck, Turkey) doses were administered according to patient's age, ovarian reserve, and body mass index. When the leading follicle exceeded 14 mm, a gonadotropin antagonist (Cetrotide 0.25 mg; Merck) was started and when at least two follicles reached 18 mm, hCG (Ovitrelle 250 μg; Merck) was applied. The oocyte retrieval was performed at 36 h after triggering. After the oocyte retrieval, oocytes isolated from the samples of FF were evaluated separately from the other oocytes. Furthermore, cumulus oocyte complexes were then incubated for 2 h in Quinn's advantage medium (SAGE 1-step, Origio, Denmark) at 7% CO 2 and 37°C before oocyte denudation. The cumulus cells were removed by mechanical pipetting in 10 IU/mL hyaluronidase (HYASE 10× Vitrolife, Sweden). Nuclear maturation was determined by the identification of the first polar body. Microinsemination was then performed in Quinn's advantage medium containing HEPES (SAGE Media, Origio, Denmark). Subsequently, oocytes were placed individually on a pre-equilibrated Embryoslide (Vitrolife, Denmark) containing 12 wells filled with an overlay of 1.2 mL mineral oil (Origio, Denmark). The oocytes were incubated in the time-lapse monitoring system (Embryoscope; Unisense FertiliTech, Denmark) in an atmosphere of 5% O 2 , 7% CO 2 , and 37°C until the embryo was transferred.
Time-lapse monitoring
Images of each embryo were taken every 20 min in seven different focal planes, during 72 h of culture. The embryonic images were analyzed using the Embryo Viewer software (Unisense Fertilitech Aarhus), which annotates embryonic developmental events with the corresponding time (h) after microinjection. The times from fertilization to the following events were analyzed: pronuclear fading (Pnf), when both pronuclei disappeared, the first cleavage, when the zygote divides into two cells (t2), and when cleavage giving rise from 3 to 9 cells was observed for the first time (t3, t4, t5, t6, t7, t8, and t9, respectively). The intervals between two consecutive cleavages were also calculated. The duration of the second cell cycle (cc2 = t3 − t2) is the time from the division into a two-blastomere embryo until the time to the division into a three-blastomere embryo, and second synchrony (s2 = t4 − t3) is the time from this division into a four-blastomere embryo. The duration of the third cell cycle (cc3 = t5 − t3) is the time to the division into a three-blastomere embryo until the time to division into a five-blastomere embryo. In a previous study, the optimal ranges of the morphokinetic parameters t5, s2, and cc2 were t5 = 48.8 − 56.6 h, s2 < 0.76 h, and cc2 < 12 h. In the current study, embryos within these ranges were described as optimal embryos with the highest probability of implantation.
Embryos were graded according to the time-lapse parameters described previously by Basile et al. [16] . The classification was based on the t5-t2 and cc3 as follows. If the value of the t5-t2 > 20.5 h, the embryo was categorized as A or B; if the value fell outside the optimal range, the embryo was categorized as C or D. If the value of cc3 was between 11 and 18 h, the embryo was categorized as A or C and if the value fell outside the optimal range, the embryo was categorized as B or D depending on the t5-t2 [16] .
Embryo transfer
Embryo transfer was performed on day 3 of development. For luteal support, all patients received 90 mg progesterone gel (Crinone gel 8%, Merck) and 200 mg vaginal micronized progesterone (Progestan caps 200 mg, Kocak Farma, Turkey) daily. Biochemical pregnancy was established when the serum β-hCG level was >20 IU/I on the 12th day after embryo transfer, and clinical pregnancy was confirmed by ultrasound as the presence of fetal heart activity 8 weeks after embryo transfer.
Follicular fluid sampling
Individual aspiration was used to collect oocytes, and each follicle was recovered in a different tube. To avoid contamination from blood and flush medium or mixture, only the follicular fluid from the first retrieved follicle, which contains a single oocyte-cumulus complex, was collected. Thus, one follicular sample per patient was used for analysis. Samples of FF were centrifuged at 2000×g for 10 min and the supernatants were stored at −80°C for further analysis.
Patient and follicular fluid sample selection process A total of 101 patients with unexplained infertility were admitted to the IVF center of Izmir University Medical Park Hospital between November 2015 and March 2016. According to the Turkish Ministry of Health Regulations, single embryo transfer is an obligation for patients under 35 years old in the first two attempts. The patients over 35 years old and patients under 35 years of age who had more than two embryo transfer cycles were questioned for their preference of number of embryo transfer. The patients who prefer more than one embryo transfer (n = 9) were not included in the study. Ninety-two patients were prospectively allocated for controlled ovarian hyperstimulation cycle. Patient flow chart is shown in Fig. 1 .
The analysis of follicular fluid samples was performed only in patients with single embryo transfer where the embryo was obtained from the oocyte of the sampled follicle. Therefore, follicular fluids of other oocytes were not included and analyzed in the study. Exclusion criteria were absence of mature (MII) oocyte in the aspirated follicle (n = 5), fertilization failure (n = 3), cleavage arrest (n = 5), presence of higher quality embryo for ET other than the one generated from the oocyte coming from the first follicle (n = 11), and patients whose embryos were frozen totally for OHSS prevention (n = 5) or for the presence of uterine pathologies (myoma (n = 1) and endometrial polyp (n = 2); Fig. 1) . Therefore, the analysis includes only the embryos coming from the first follicle sampled for the concentration of coenzyme Q10 (ug/mL).
Determination of coenzyme Q10 levels in follicular fluid
Ubiquinone (coenzyme Q10) was determined by reversed-phase high-performance liquid chromatography (HPLC; Shimadzu Prominence, Japan). HPLC kits were purchased from ImmunoChrom GmbH, Heppenheim, Germany. First, high molecular weight substances were removed by centrifugation; then, the supernatant was mixed with an extraction solution and transferred to the organic phase. Following evaporation of the organic solvent, the sample was resuspended in ethanol and injected into the HPLC system. The isocratic separation was performed via HPLC at 30°C using a reversed phase column for 15 min. The chromatograms were recorded by a UV detector. The quantification was performed by the delivered calibrator and the concentration was calculated by the internal standard method.
The coefficients of variations were determined by multiple measurement of serum samples. Intra-assay CV was 0.6% and inter-assay CV was 6%. The method was linear up to 20 μg/ mL and the detection limit was 0.02 μg/mL. There was no known cross-reactivity to other quinone-containing compounds.
Statistical analysis
The SPSS software (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis. Comparisons between two groups were performed with the independent t test for parametric conditions and the Mann-Whitney U test for non-parametric conditions. Pearson and Spearman correlation analysis and receiver operator curves were used. All the values were expressed as the mean ± standard deviation (SD). A p value < 0.05 was considered to indicate statistical significance.
Results
Clinical and laboratory characteristics of pregnant and non-pregnant women are summarized in Table 1 . There was no significant difference between groups in terms of age, body mass index (BMI, kg/m 2 ), duration of infertility, total gonadotropin dose, day 3 serum FSH, serum AMH, and serum estradiol levels on the day of hCG trigger administration. There was no significant difference between groups in terms of retrieved oocytes, MII oocytes, and the number of embryos (Table 1 ) .
There was no correlation between the CoQ10 levels with the age of the women, the duration of infertility, total gonadotropin dose, BMI, day 3 FSH, estradiol on the day of hCG trigger administration, and AMH. Also, there was no association between CoQ10 levels and morphokinetic parameters including tPnf, t2, t3, t4, t5, t6, t7, t8, and t9. Follicular fluid CoQ10 levels were significantly higher in grades A and B than grades C and D embryos (p < 0.05). The concentration of follicular fluid CoQ10 levels was significantly higher in the pregnant group (p < 0.05). There was no significant relation between optimal t5 and s2 morphokinetic parameters and CoQ10 levels. However, CoQ10 levels were significantly higher in follicular fluid of embryos which had optimal cc2 (p < 0.05; Table 2 ).
The area under curve (AUC) of CoQ10 for prediction of pregnancy was 0.677 (p = 0.022, 95% confidence interval 0.53-0.81). A threshold of 0.255 of CoQ10 had a sensitivity of 68.8% and specificity of 53.8%. ROC curve of CoQ10 for pregnancy prediction is shown in Fig. 2 .
Discussion
In the present study, we detected a relationship between coenzyme Q10 levels of follicular fluid, optimal embryo morphokinetic parameters, and pregnancy rates. Higher follicular fluid CoQ10 levels are related to better embryo grades and pregnancy rates. The advantages of this study are as follows: first, we could evaluate the CoQ10 levels of a single follicle and later we could investigate the relationship between follicular fluid levels of CoQ10 and that of follicles embryo and later the pregnancy result of this embryo; this is because we had transferred a single embryo to each patient and had evaluated the CoQ10 levels of that follicle. The other advantage of our study was that the oocytes and embryos were evaluated by Embryoscope images continuously and embryo grading was done according to morphokinetic parameters in a more objective way.
Although embryo quality evaluation is mainly determined by morphological evaluation, morphokinetic evaluation has additional benefits that include the continuous monitoring of embryos, facilitating a more objective and robust information, improved culture conditions, and embryo evaluation without removal and decreased interobserver variability [17, 18] . Also, some recent reports suggested increasing the probability of selecting chromosomally normal embryos by time-lapse morphokinetic analysis [16] . Thus, we preferred to use this algorithm as described by Basile et al. for embryo grading and selecting the transferred embryo in our study.
The intrafollicular environment was suggested to affect the centrosome-based microtubule assembly which might be a factor for the increased aneuploidy rate with age [15] . An imbalance between pro-oxidant and antioxidant defense systems might be related to mitochondrial dysfunction and embryo aneuploidy [19, 20] . Therefore, increased reactive oxygen species and oxygen radicals should be balanced with antioxidant mechanisms to decrease aneuploidy rates and increase embryo quality [20] . As an electron carrier in mitochondrial bioenergetics and as a lipophilic antioxidant, CoQ10 might have an important role in defending the increased production of reactive oxygen species (ROS) deficiency or susceptibility toward them. Quinzi et al. investigated different levels of CoQ10 deficiency on ROS production and mitochondrial function. Intermediate CoQ10 deficiency was found to be related to a marked increase in ROS production, lipid oxidation, and cell death [21] . CoQ10 treatment was related to less reactive species in the ovaries of mice recently [22] . Also in a recent study, the decrease in CoQ10 concentration in older women was accompanied by a shift in redox status in favor of oxidized form and this effect was attenuated by supplementation with CoQ10 [23] . Another important factor is the energy produced by mitochondria via oxidative phosphorylation that is necessary during oocyte maturation [24] . The bioenergetic state of oocyte was found to be related to the implantation potential of the embryo previously [3] . Any problem during oxidative phosphorylation pathway was reported to lead to the arrest of oocyte maturation, chromosomal misalignment, and compromised embryo development [5, 25, 26] . The key role of CoQ10 in oxidative phosphorylation shows its importance for energy production of oocytes. Thus, Ben-Meir et al. reported that the disruption of CoQ10 synthesis was related to reduced ATP production and increased meiotic spindle abnormalities resulting in infertility in dams [5] .
One big question that has been repeatedly posed is whether a CoQ10 concentration of follicular fluid is an important factor for oocyte? And quite sadly, there is limited literature on the subject. Recently, Turi et al. reported that CoQ10/protein levels resulted significantly in mature versus dysmorphic oocytes [27] . Similarly, CoQ10/ cholesterol was significantly higher in grading I-II versus grade III-IV embryos in that study. Our findings are similar to that report. In addition to the aforementioned report, we also found a positive correlation between CoQ10 levels and pregnancy rates. We believe that this result is an important preliminary finding for clinical use of CoQ10 in patients with compromised oocyte maturation and mitochondrial dysfunction. This group of patients cover polycystic ovary syndrome, obesity, diminished ovarian reserve, and advanced age [6, 28] . Thus, recently, Refaeey et al. reported that the combination of CoQ10 and clomiphene citrate improved ovulation and pregnancy rates in patients with polycystic ovary syndrome (PCOS) [28] .
The most difficult situations in IVF clinics are patients with diminished ovarian reserve and advanced age. Although CoQ10 is promoted for treating patients' diminished ovarian reserve, there is limited finding on the clinical use of CoQ10 in that group of patients. Clinical studies could not show a significant improvement in pregnancy rates after CoQ10 supplementation in that group of patients [13] . However, CoQ10 concentrations were found to be decreased with advancing age and this decline coincides with a decline in fertility and the increase in embryo aneuploidies [5, 29] . Thus, spontaneous abortions were found to be related with low plasma CoQ10 levels [30] . In the aged animal model, CoQ10 administration improved breeding outcomes, slowed down follicle loss, and improved mitochondrial energetics [5] . According to the results of animal study models, it seems reasonable to use CoQ10 as a mitochondrial micronutrient to alter the aging process [1] . However, the appropriate duration and dosages in humans for reversing the negative impacts on oocytes should be clarified. Thus, the use of CoQ10 for 12-16 weeks in a mouse was reported to be equivalent to about a decade in human [5] .
In conclusion, we found a positive correlation between follicular fluid CoQ10 concentrations and subsequent embryo quality and pregnancy rates. Our results might be supportive of the usage of CoQ10 as a supplement in women undergoing in vitro fertilization. Further studies that will involve a larger, randomized, and controlled group are needed to draw definitive conclusions for the clinical administration of CoQ10 in female infertility.
